I. INTRODUCTION

I
N recent years, the efficiency of single-junction solar cell devices has steadily increased and is now approaching the efficiency limit derived by Shockley and Queisser [1] , [2] . This fundamental limit of around 31% (for single-junction devices operating under 1-sun illumination) arises chiefly from thermalization and below bandgap losses associated with the illumination of a discrete bandgap semiconductor by the broad solar spectrum [3] . One solution that has been proposed in order to address this problem is that of intermediate-band solar cells (IBSCs) [4] . As illustrated in Fig. 1(a) , multiple transitions are supported in this configuration, enabling the device to harvest a large fraction of the solar spectrum, akin to a narrow-gap singlejunction solar cell, but while maintaining the voltage provided by a wider bandgap material. In addition to the conventional valence band (VB) to conduction band (CB) excitation arising from the absorption of high-energy photons, the IBSC also permits the sequential absorption of low-energy (below bandgap) photons. This sequential absorption proceeds via a band of intermediate states between the VB and CB and can, in principle, lead to an efficiency limit of 46.8% at 1 sun, far in excess of the Shockley-Queisser limit [4] . The authors are with the Department of Physics, Imperial College, London SW7 2AZ, U.K. (e-mail: oliver.curtin08@imperial.ac.uk; megumi.yoshida06@ imperial.ac.uk; a.pusch11@imperial.ac.uk; n.hylton@imperial.ac.uk; n.ekinsdaukes@imperial.ac.uk; chris.phillips@imperial.ac.uk; o.hess@imperial.ac. uk).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JPHOTOV.2016.2545405 Despite this dramatic increase in the calculated limiting efficiency, to date, experimental attempts to realize the IBSC have observed efficiencies substantially below the theoretical prediction [5] - [11] . In quantum structures, efforts to achieve IBSC behavior have been able to demonstrate an increase in photocurrent, but this has so far been accompanied by a severe voltage drop that is the origin of the low reported efficiencies. The root cause of this voltage loss is rapid carrier recombination, leading to short lifetimes in the intermediate band (IB). IBSCs suffer from significant radiative recombination losses via the intermediate states, since the requirement for electrons to be efficiently excited from the VB to the IB means that the wave-function overlap is large. Another more serious issue is that of fast nonradiative recombination via these intermediate states. Hence, the key issue preventing IBSCs from realizing their efficiency potential is the extremely short carrier lifetime in the IB.
We recently proposed a solution to this problem employing a photon ratchet mechanism to decouple intermediate electrons from states in the VB, thereby extending carrier lifetimes in the intermediate states [12] , [13] . In this arrangement, shown schematically in Fig. 1(b) , there are two bands of states between the VB and CB. In addition to the IB, which is coupled only to the VB, there is a so-called ratchet band (RB), which is coupled only to the CB. This scheme works to prevent the relaxation of carriers in the CB via the intermediate states, while providing long carrier lifetimes in the RB to promote the second absorption step. This concept has previously been shown to result in a maximum theoretical 1-sun efficiency of 48.5% [12] .
In this letter, we present a device design utilizing a quantum cascade in a quantum well superlattice as the ratchet mechanism. Since the IBSC concept has to date proven extremely Fig. 2 . Generic quantum cascade-based photon ratchet, where the green and red arrows represent optical excitation of electrons from the VB to the IB and from the RB to the CB, respectively, and the dark blue arrows represent electron transport via quantum mechanical tunneling. After excitation into the IB (the ground state conduction subband of the left-most quantum well) in region 1, the electrons cascade to the right through the quantum well superlattice (region 2) until they reach the ground state band of the final quantum well (the RB) in region 3, where the electron can be further excited to the CB.
challenging to realize experimentally, we focus here on addressing some key challenges relating to the design of the IB and ratchet mechanism. We do not, therefore, consider optimizing for solar wavelengths, or including an interband excitation; rather, we concentrate on taking fundamental steps toward IBtype device operation. We also propose a framework for designing quantum cascade photon ratchet devices and a general computational method that allows optimization of electronic transport through the cascade.
II. QUANTUM CASCADE PHOTON RATCHET INTERMEDIATE-BAND SOLAR CELL
Quantum wells, in the form of semiconductor heterostructures, have been widely used to construct solar cells [14] and have been suggested as suitable for use in a photon ratchet [15] , whereby incorporating a quantum well superlattice one may produce a photon ratchet solar cell. Such structures have been previously used to demonstrate two-step photon absorption [16] and also used to propose interband cascade solar cells [17] , but there has been no specific engineering of a ratchet mechanism. In our photon ratchet, schematically drawn in Fig. 2 , the VB-to-IB transition occurs in region 1 where the hole envelope function (subband) and IB electron subband have a very large optical coupling leading to an efficient optical transition. We then introduce the ratchet mechanism as a quantum cascade (region 2); the electrons that are excited into the IB quickly emit longitudinal optical (LO) phonons and, in doing so, scatter into a lower energy subband, which has a reduced overlap with the hole subband in the VB. The expectation value of the position, along the growth axis, of the electrons in the new subband will be displaced from that of electrons in the IB, or holes in the VB. This process continues until the electrons have been transported into, and are confined to, a final subband, the RB in region 3.
The electrons that are excited from the VB into the IB must be transported (spatially) away from their excitation site at a rate greater than the IB-to-VB recombination rate; otherwise, the ratchet mechanism will be ineffective. For the materials we consider, the electron lifetime due to LO phonon intersubband scattering between subbands is typically on the order of picoseconds [18] , while the electron lifetime due to recombination is on the order of nanoseconds [19] . It is, therefore, expected that most electrons excited into the IB will be transported away from the IB relatively quickly.
The extraction of electrons from the RB to the CB (in region 3) requires excitation to a higher energy subband, which is coupled to the continuum. Due to the presence of an electric field, electrons excited from the RB to the CB are likely to be transported away from the heterostrusture and be observed as photocurrent.
III. ELECTRON TRANSPORT MODEL
We achieve an optimal design of the photon ratchet by ways of a modified genetic algorithm which, by varying the well and barrier thicknesses, maximizes the scattering rate between states. Thus, we need to first calculate the scattering rates between states in the quantum well superlattice. The electrons have a 2-D symmetry in the plane (x, y) of the wells, perpendicular to the growth direction z. Within the envelope function approximation, one may write the wavefunction Ψ(k xy , r) of an electron with 2-D wavevector k xy at position r as
where A and r xy , respectively, denote the area and electron position within the (x, y) plane, while ψ n (z) is the wavefunction of the subband n that stems from confinement in the growth direction of the well. In order to determine the subbands of the heterostructure and calculate the electron-LO-phonon scattering rates, we use the nextnano eight-band k · p model, and its default material parameters [20] . This allows us to obtain more reliable results than the (faster) effective mass approximation, which often does not hold in deep quantum wells (with respect to the bandgap) due to the presence of strong nonparabolicity [21] , [22] . We use Fermi's golden rule to evaluate the electron-LOphonon scattering rate. The electron-LO-phonon interaction is described by the Fröhlich term
with s and ∞ the low-and high-frequency permittivities, respectively, e is the electronic charge, ω LO is the LO phonon energy, V is the volume of the space that the phonon propagates in, and q is the phonon momentum [18] . Evaluation of the rate W if at which an electron, initially in subband ψ i (z) with (2-D) wavevector k i , scatters via LO phonon emission into a state in subband ψ f (z) with wavevector k f yields
where
We split the sum over q into a sum over q xy and q z and assume that the system is sufficiently large that these sums may be approximated as integrals
where L is some large length scale. We collect all the constant factors into a positive quantity
and proceed to calculate R if . We define Δk = k f − k i and apply the identity
to obtain
At this point, we follow [18] and insert a δ(q z − q z ) into the integrand such that (10) where Δz = z − z , and the function I(Δz, |Δk|) is defined by
This is evaluated by means of contour integration; the integration parameter q z is considered a complex number and we choose contours to integrate over. These span the real axis and an infinite semicircle around the complex plane. If |Δk| = 0 the contour is a simple semicircle which is closed in the upper-half plane if Δz < 0, and in the lower-half plane if Δz > 0. If |Δk| = 0, then our contour is modified so that it avoids the pole on the real axis. We obtain
Given that the cooling of carriers is much faster than the intersubband scattering [18] , the majority of electron-LOphonon scattering events will occur from (approximately) zeromomentum states. Given also that the emitted phonon will have near-zero momentum [23] and therefore |k i − k f | ≈ 0, invoking the second case of (12), the quantity
is approximately proportional to the scattering rate between the ground (zero-momentum) state of the subbands given by ψ i (z) and ψ f (z). This is the quantity we use to design and optimize the photon ratchet.
IV. OPTIMIZATION ALGORITHM
The ratchet is required to have three key regions (see Fig. 2) . First, the region in which the VB-to-IB interband transition occurs, which must be engineered such that the VB and IB subbands have a large overlap for efficient excitation. Second, a region in which electrons are cascaded from the interband region through LO phonon emission into a third region where they are confined. From this region, a transition to a conduction state is enabled by a second photon absorption event. Thus, the design/optimization of the ratchet device is equivalent to the design/optimization of a quantum cascade in which the highest and lowest energy subbands of the cascade, respectively, correspond to the IB and RB.
The quantum cascade comprising of N subbands is optimal if the electron-LO-phonon scattering rates between energyadjacent conduction subbands are maximal subject to the constraint that the energy difference between such subbands is approximately the LO phonon energy ω LO . This is achieved through use of an adaptive simulated annealing genetic algorithm (ASAGA), designed to globally optimize complex systems [24] . The ASAGA works by merging the concept of thermodynamic fluctuations with the conventional genetic algorithm to find a set of parameters X = {x 1 , x 2 , ...} such that a defined and positive fitness function F (X) is maximal.
It might be expected that the best method to optimize the quantum cascade would be to simply maximize the current as measured at the final well (and assume electrons are leaving the well). However, such a method would show poor convergence to the global solution. To see this, consider the case where all but one of the subbands are optimized for a quantum cascade, and the nonoptimized subband is completely decoupled from the others. An algorithm using current as a means to measure the fitness of the system would not be able to distinguish this case from one in which all of the subbands are entirely decoupled. Thus, the fitness function needs to take into account local optimization to enable global optimization. The function
containing the sum over individual scattering efficiencies incorporates this aspect, while the optimum of the fitness function is still the optimum of the global current. Hence, we use it for our optimization procedure. Note that α 0 is a constant that maintains positivity of the fitness function, and α 1 and α 2 are constants that tune how the algorithm prioritizes optimization of scattering overlaps compared with band energy differences. Their values were determined empirically, and the values used by us are given by 10, 0.05 nm −1 and 15 eV −1 respectively. Although F (X) is not guaranteed to be positive, a value of α 0 = 10 ensures that any system corresponding to F (X) < 0 will be highly unoptimized and may be discarded. We take an input of a suitable material system, voltage, and temperature, and use the ASAGA to determine the optimal combination of thicknesses of the semiconductor layers such that the LO phonon intersubband scattering rate between energy-adjacent subbands is maximal by maximizing the fitness function F (X).
As an initial validation (not shown here), the model was applied to a simple two-well AlSb/InAs/AlSb/InAs/AlSb system in an electric field to confirm that our approach satisfies the two optimization requirements. Namely that the subband overlaps were approximately maximal and their energy difference was very close to the InAs LO phonon energy of 29 meV. We then further validated our approach against a published quantum cascade structure [25] and verified that, when layer thicknesses were appropriately constrained, our algorithm converges to a cascade system, which is very similar to that presented by the authors [25] . In order to achieve the agreement, we fixed the widths of all the barriers (thus limiting the maximum achievable subband overlap) and fixed the width of the well corresponding to the highest energy subband. Improvements could be made by removing the constraints on layer thicknesses.
V. PROPOSED QUANTUM CASCADE PHOTON RATCHET DEVICE
We now use the ASAGA to optimize well thicknesses of a quantum cascade for efficient carrier scattering from the IB to the RB, to design a prototype ratchet system. A first device design to incorporate the photon ratchet mechanism is obtained, as illustrated in Fig. 3 . We have chosen our material system to be based on antimonides, which exhibits type-II band alignment between AlSb and InAs, so that the quantum cascade (region 2) is formed of a type-II quantum-well heterostructure without introducing strain. In this structure, the quantum wells in the CB and VB are in different materials, and the recombination rate of electrons and holes becomes low due to the small overlap of corresponding envelope functions. Therefore, the optically generated electrons in the step well in region 1 can efficiently cascade down to the RB in region 3 without going through optical recombination, and the carrier lifetime in the type-II RB is expected to be enhanced [26] . Quantum cascades using the AlSb/InAs materials system have been demonstrated as mid-IR quantum cascade lasers [27] , [28] , and we can expect effective coupling between the IB and the RB. Additionally, we have optimized the device to operate at a temperature of 40 K. This is to minimize any thermal effects in experimental demonstration of the ratchet, and any future photon ratchet solar cell designs could be optimized for higher temperatures.
The quantum cascade heterostructure in Fig. 3 is only showing the i-region of the device; it will be located between n-type GaSb (on the right) and p-type GaSb (on the left) to form a p-i-n diode where carriers generated in CB and VB can be collected as photocurrent. The first optically active region 1 will be situated at the front of the device behind the AlSb barrier and designed to absorb shorter wavelength photons (1.61-1.77 μm). The step quantum well allows us to achieve high optical coupling between the VB hole subbands and the IB electron subbands. While the optically generated electrons in the IB quickly cascade down to the RB in region 3 through region 2, holes in the VB subband tunnel out to the continuum of AlSb on the left due to the electric field. The cascading superlattice region 2 is designed such that monochromatic illumination of the device aimed to generate carriers in region 1 does not generate carriers in region 2 or 3. The RB is, thus, optically isolated from the VB at this energy, and holes will stay in the left-hand side of the device, leading to longer electron lifetime in the RB. The transition from the RB to the CB in the second optically active region 3 is designed to be at a longer wavelength (1.80-2.00 μm) than any interband transition, and monochromatic illumination at these wavelengths cannot create carriers anywhere in the device. The electrons excited to the CB drift to the right due to the field and are collected as photocurrent. Therefore, the ratchet mechanism may be demonstrated by exciting continuously at the VB to IB wavelength and probing at the RB to CB wavelength.
The heterostructure we propose must satisfy a set of strict requirements if it is to function as a photon ratchet. The light which excites carriers from the VB to the IB must not be able to excite from the VB to the RB. We also enforce the requirement that the RB to CB transition occurs at lower energy than the VB to IB, as this will allow experimental demonstration of the ratchet mechanism. Furthermore, all wavelengths in use must not be absorbed by the substrate or capping layers.
The choice of the well thicknesses for the VB to IB region, as well as the Al concentration in the AlGaSb, ensures that the energies satisfy our requirements. To ensure that there is no carrier excitation from the VB to the RB, we choose a bias sufficiently large that at the interface between the InAs and the AlGaSb on the right of the device, the low-energy hole bands are quantized and energetically isolate the RB. This is because, at this interface, the VB assumes a sawtooth profile, meaning that the low-energy holes are confined (and thus quantized). When the bias is increased, the constraint that the CB subbands are separated by a phonon energy implies that along the ratchet (toward the right of the device), the wells must become narrower. We have carefully chosen a bias that minimizes this effect so that the wells do not become so narrow that they cannot be grown, while keeping the RB and VB isolated. As a result of this tradeoff, whether the device satisfies our constraints is highly sensitive to significant changes in the bias. If the bias voltage varies, as in a real solar cell, then we will see changes in the VB-to-IB excitation energy, and the tunneling probability of holes out of region 1. There may also be some electron-hole creation in region 3. These will not affect the suitability of our device schema as a photon ratchet solar cell, but for conclusive experimental observation of the ratchet mechanism, we require that the voltage remains as static as possible. We also point out that a larger Al concentration in the AlGaSb assists in the isolation of the RB from the VB (but increases the energy of the RB-to-CB transition).
In order to have efficient carrier transport and minimize the effects of local accumulated charges, we must have efficient extraction of holes. This is achieved by placing a large bias on the structure, thereby coupling the hole eigenstates in the IB region to the hole continuum. The hole bands shown are the lowest energy holes with significant overlap with the IB. These bands must have sufficiently high energy that they are coupled to the continuum, and this is determined by the width of the AlGaSb layer. We choose this (indirect) material, since to achieve the required energy with, say, GaSb would require extremely narrow layers. We note that there is still a significant band overlap in the (direct) InAs layer where the interband transition may occur. It is practical in growth to choose equal Al concentrations in all AlGaSb layers.
Electrons excited in region 1 will accumulate in region 3, where they experience a very long lifetime, until the space charge build-up is strong enough to disturb the ratchet mechanism. This means that the population of the RB may not depend very strongly on the intensity of the light exciting the interband transition. For example, a population of 10 11 /cm 2 electrons in the RB leads to a band-bending of ∼ 10 meV in region 2.
The number density of electrons excited by the RB to the CB transition, which contribute to the photocurrent, is proportional to the population in the RB and can be calculated as
N e I |d RC | 2 e 2 Γn r .
Here, E min and E max are the minimal and maximal energies of the CW excitation, α is the fine-structure constant, I is the spectral intensity, N e is the sheet density of electrons in the RB, d RC is the dipole matrix element of the bound-to-free transition, Γ is the broadening of the transition, and n r is the refractive index of the material. Calculating the dipole matrix element of the transition (marked by a red arrow in Fig. 3 ) involves an overlap integral over the CB-like state in the RB QW and the free CB states, which were truncated around 30 nm away from the structure. This overlap integral depends on the integration area but so does the energy spacing of the states, the two dependences canceling each other in the final integral. Assuming a density N e = 10 11 /cm 2 in the RB and a CW excitation intensity of 10 5 W/m 2 in the wavelength range of the RB to CB transition (1.75-2.00 μm), roughly corresponding to a solar concentration of C = 6000, we could expect a current density of 1 A/m 2 , with the current being proportional to intensity and RB population. This value should be sufficient for an experimental demonstration of the ratchet principle.
VI. CONCLUSION
We have applied the ASAGA, a genetic algorithm incorporating thermodynamic fluctuations, to design an antimonide-based superlattice that demonstrates the principles of a photon ratchet IBSC. The device is optimized to allow for excitation of electrons from the VB to the IB on one side of the device, a subsequent efficient quantum cascade to take the excited electrons to the RB where they await excitation by a different frequency light field before being collected as photocurrent. Electrons radiatively excited into the IB are optically decoupled from holes in the VB, and the carrier lifetime is expected to increase by orders of magnitude.
We have shown that, using suitably refined quantum well heterostructures, it is possible to create a photon ratchet IBSC. This provides a way forward for the fabrication of ultrahigh efficiency solar cells.
